The kidney and its response to the antidiuretic hormone (ADH) are the principal protective mechanisms necessary to maintain a normal plasma tonicity (osmolality). Hence, determination of the response of the ADH-renal axis to an abnormal plasma tonicity is an important step to understanding water homeostasis. Determination of free water clearance is the most direct clinical method to measure the ability of the kidney to reabsorb or excrete water; itcan be used as a sensitive method to study water metabolism, describing the abnormal water homeostasis in simple quantitative terms. A positive electrolyte-free water clearance denotes the excretion of excess free water. A negative electrolyte-free water clearance indicates reabsorption of excess free water. During hypertonicity, an increased concentration of ADH enhances renal reabsorptionof free water. With diminished ADH secretion and normal renal function, a substantial volume of free water is cleared in response to hypotonicstimuli. A positivefree water clearance >0.4 L/day in hypertonic conditions or a negative free water clearance during hypotonicity confirms an abnormal ADH-renal axis response. Mannitol is also an efficient stimulus, and above-normal blood glucose decreases the sensitivity of the osmoreceptors 
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GeneralPathophyslologyof PlasmaTonlcityDisorders
Because cell membranes cannot sustain a large difference in osmotic pressure for any length of time, rapid water movement across body water compartments is of vital importance to buffer the osmotic gradient on cellular membranes (1) (2) (3) (4) . Such buffering mitigates major changes but does not normalize the plasma osmolality (tonicity).
The role played by water movement in preventing major changes in plasma osmolality is similar to that of weak acids and bases acting as buffers in preventing major acid/base imbalance.
Correction of plasma tomcity is the function of the antidiuretic hormone (vasopressin, ADH) (5), thirst (6) , and the kidney Mannitol is also an efficient stimulus, and above-normal blood glucose decreases the sensitivity of the osmoreceptors (15) .
Stimulation
of the osmoreceptors induces secretion of ADH, which is produced by the hypothalamic neurohypophysial tract and stored in the posterior lobe of the pituitary gland. The neurotransmitters that mediate this action are unknown. The second major response to changes in plasma tonicity is the perception of thirst (16).
After gain or loss of water, the addition of sodium to the ECF space or its removal will result in water moving in the direction that buffers the effect of osmotic pressure changes on cell membranes. Water movement keeps the osmotic pressure inside and outside the cell equal (except for the Donann effect). Hence, the change in osmotic pressure induced by gain or loss of water or salt is shared by the intracellular fluid (ICF) and the ECF spaces. Hypotonicity induces two main responses: (a) a decrease in thirst perception and (b) a diminished secretion of ADH, so that the production of urine is in dilute form until the water excess is excreted. Failure of either mechanism leads to hyponatremia. 
P2(Na + K)
In the presence of effective osmoles in the urine other than Na and K (e.g., glucose and mannitol), their clearances also should be incorporated in the equation: that substance x is retained. In general, C, = (LT.
where U, is the urine concentration of x, Vis the urine flow rate, and P,, is the plasma concentration of x.
Osmolal clearance (19) (20) (21) (22) , Cogm, is measured as: 
This equation defines the osmolal clearance of only the effective osmoles, Na, K, and their accompanying anions.
Sodium clearance is calculated as: These values are obtained only during normal plasma tonicity and volume.
Because clinically many patients with abnormal plasma tonicity may also have volume depletion, it was necessary to measure the minimum free water clearance after short-term fasting. Ten healthy adults participated in this part of the study, all of whom gave consent, which also followed the ethical standards of this institution.
Their ages varied from 19 to 42 years (29 ± 11.2). All were nonsmokers and not taking any medications.
All had normal renal function. All had been on an average North American diet. They then fasted for 16 h, during which time they ingested no fluids. They collected their urine during the last 2 h of fasting, from which the mean values (± SD) of the urinary electrolytes and osmolality were extrapolated: A further extension of these observations is patients with substantial volume depletion and intact renal concentrating ability. These patients produce significantly concentrated urine while conserving sodium to protect blood volume. Under such conditions, the calculated EWC is slightly positive. To ifiustrate, let us consider a patient with significant hypovolemia due to nonrenal fluid loss. A classical urine profile may include sodium 20 mmol/L, potassium 70 mmolIL, urine osmolality 800 mosmol/L, and urine volume 0.4 L/day. Because the urine electrolytes and volume are usually significantly decreased, the calculated EWC is expected from Eqs. 2 and 5 to be <0.4 L/day. These observations suggest that short-term fasting and mild volume depletion per se do not induce significant change in EWC, and that significant volume depletion is associated with a slightly positive EWC in spite of increased ADH secretion. The renal response to the homeostasis mechanisms recruited to protect blood volume and to remove the waste products through the kidney takes precedent over the renal ability to reabsorb more free water as measured by EWC. There is an obligatory volume of free water that must be secreted with the waste product, mainly urea.
Note that during hypotonicity, the renal ability to excrete free water increases significantly. Because >20 L is delivered to the distal renal segment for further dilution to 50 mosmol/kg water or for concentration to 1200 mosmol/kg water (8, If one applies the clearance concept from reference values mentioned in Table 1 , an increased EWC above 1 L/day suggests pure water diuresis. Polyuria due to sodium-diuresis is associated with CNa> 2.5 L/day.
In case 4, the polyuria was caused by the increased sodium clearance as measured by the increased daily sodium excretion (900 mmol) and CNa of 6.87 L/day. He did not have diabetic insipidus because his EWC was 2 L/day. The negative free water clearance indicates that more free water was reabsorbed than excreted. This explains the hyponatremia, which was due to an underlying high concentration of A1)H caused by stress (35), nausea (36), and cyclophosphaniide (37) . Severe hyponatremia did not occur because the free water absorbed by the kidney was not much larger than the nonrenal obligatory losses. This was a case of mixed solute diuresis and an inappropriate high concentration of ADH. Only calculating the water and solute clearances could easily and precisely describe the hyponatremia and polyuria in this case. She had a 25-year history of juvenile-onset diabetes mellitus for which she was taking insulin. During the 2 weeks prior to admission, she had a flu-like syndrome and was unable to eat her meals; for 3 days she developed nausea and vomiting. In the 2 days before admission, she had progressive weakness and felt extremely unwell, and stopped taking insulin for 24 h. On admission she was found volume-depleted.
Her respiratory rate was 20/ mm, pulse rate 110/mm, and blood pressure 100/50 mmllg. The remainder of the clinical examination was otherwise unremarkable.
Her serum profile showed sodium of 120 mmoJIL, potassium Table 4 , volume-depleted patients develop significantly diminished effective (Na) osmolal clearance. Hence, they will be able to retain the solutes (e.g., NaC1) administered.
Correction of plasma tonicity in these cases is much easier than in patients with SIADH or diabetes insipidus. In hyponatremic conditions due to SIADH, the urinary effective osmolal clearance is normal, i.e., relatively higher compared to Table 4 . ClassIcal urine profile In prerenal azotemla due to nonrenal fluid losses, SIADH, dIabetes Inelpidus, and sodIum-Induced dluresis (e.g., salt-losIng nephropathy).
volume-depleted patients.
Free water clearance in hyponatremic patients is inappropriately negative. Correction of plasma tonicity by the infusion of isotonic saline is mitigated by the relatively increased salt clearance and negative free water clearance. This explains why, in these cases, it is important to administer solutions with higher osmolality than the urine. Administration of furosemide may be necessary to enhance free water and decrease salt clearances (8). Patients with diabetes insipidus have a significantly positive free water clearance. To maintain normal plasma tonicity, they are required to drink a similar volume of free water to match their free water losses. An important point to observe, as ifiustrated in cases 2 and 3, is that the osmolal and sodium clearances are indicators of the effective blood volume and not plasma tonicity. Assuming a normal renal response, as long as the effective blood volume is normal, urine sodium reflects the oral intake (31, 32). In a hypo-or hypernatremic patient, with a normal effective blood volume, the volume excreted is similar to the volume ingested. Protection of blood volume overrides plasma tonicity control. In patients with volume depletion or diminished effective blood volume, the kidney is expected to concentrate the urine because of an increased ADH concentration (38) and to conserve sodium (<10 mmol/L) because of increased aldosterone secretion and recruitment of the other renal sodium-conserving mechanisms
(39-41).
CNa is significantly decreased, and EWC is expected to be less than 0.4 L/day. These patients conserve both sodium (to protect their intravascular volume) and water and excrete the other waste solutes in a smaller urine volume. That is why, in conditions associated with ineffective blood volume, such as congestive heart failure, sodium retention results in edema. It is the retained excess water more than sodium that leads to hyponatremia.
Conclusion
I have tried to ifiustrate the usefulness of calculating the free water and osmolal clearances in the analysis of hype-and hypernatremic disorders. If one considers the multiplicity of regulatory mechanisms that control water homeostasis, an initial description of the final net effector response in quantitative terms would help to understand the mechanisms involved. Because free water clearance is the most direct clinical method to determine the renal ability to conserve or excrete free water, the ADH-renal axis response to abnormal plasma tonicity can be easily determined by using the clearance concept. During hypertonicity, an increased ADH concentration would enhance the renal free water reabsorption.
A net free water gain results in normalization of the plasma hypertonicity.
In the presence of a diminished ADH secretion and normal renal function, the body is able to clear a significant volume of free water in response to hypotonic stimuli. I thank Bev Shober and Pat Neigel for their assistance.
